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valuable	 information	about	the	 likelihood	of	 introduction	of	 insect	
and	 fungal	 pests	 via	 the	 international	 trade	 through	 detection	 of	
many	new	pest‐host	relationships	(e.g.	Roques	et	al.,	2015;	Vettraino	
et	al.,	2015)	and	potential	damage	of	some	species	 to	 trees	 in	 im‐
porting	countries	(e.g.	Kenis	et	al.,	2018).	Because	of	new	organisms	

















or	 area,	without	 any	 indication	 of	 the	 plant	 associations	 (Mitchell	
et	al.,	2016).	There	are	few	resources	that	provide	records	of	asso‐
ciations	 between	 plants	 and	 other	 organisms,	 including	 scientific	
journals	(e.g.	the	“Flora	of	the	British	Isles”	series	of	the	Journal	of	
Ecology)	or	databases	(e.g.	www.cyber	truff	le.org.uk,	https	://nt.ars‐
grin.gov/funga	ldata	bases/	).	 However,	 such	 resources	 are	 likely	 to	
be	biased	 towards	 certain	 taxa	or	 regions.	As	 a	 consequence,	 the	
information	needed	 for	 the	protection	of	 forest	 resources	 against	
non‐native	pests	is	incomplete	and	additional	data	are	required.







the	 widest	 range	 of	 relevant	 factors	 as	 possible.	 However,	 if	 the	
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mon	problem	 in	ecology,	 few	studies	have	explored	 the	effect	of	
different	 sampling	 designs	 on	 the	 captured	 diversity	 on	 a	 large	
scale.	 Hoban	 and	 Schlarbaum	 (2014)	 studied	 how	 a	 set	 number	
of	 seed	 samples	 should	 be	 geographically	 distributed	 for	 ex‐situ	
conservation	of	genetic	diversity	of	a	plant	species.	Their	 simula‐
tion	 results	 illustrated	 how	 sampling	 effort	 should	 be	 higher	 and	
in	fewer	populations	 if	 the	expected	alpha	diversity	 is	high,	while	















fect	 species	 diversity	 and	 discuss	 how	 these	may	 be	 included	 in	









2  | FAC TORS AFFEC TING SPECIES 
OCCURRENCE AND DIVERSIT Y
2.1 | Spatial factors
2.1.1 | Global scale





these	 mechanisms	 likely	 interact	 and	 depend	 on	 local	 conditions	
(Hodkinson,	 2005)	 and	 significant	 variation	 in	 the	 pattern	 exists	
(Gaston,	2000).
Important	 aspects	 of	 climate	 are	 temperature	 and	 precipita‐
tion	 and	 these	 factors	 are	 likely	 to	 affect	 the	 species	 that	 can	be	
found	in	a	region.	For	example,	global	patterns	in	the	diversity	of	soil	
fungi	 and	 terrestrial	 invertebrates	 are	 positively	 related	 to	 annual	
precipitation	(Tedersoo	et	al.,	2014),	temperature	and	precipitation	
(Hawkins	et	al.,	2003).
Many	 microorganism	 and	 invertebrate	 species	 are	 restricted	
to	 certain	 host	 plant	 species	 or	 genera	 (Branco,	 Brockerhoff,	
Castagneyrol,	 Orazio,	 &	 Jactel,	 2015;	 Den	 Bakker,	 Zuccarello,	









species	 was	 introduced	 (e.g.	 plantations	 or	 botanic	 gardens),	 can	
also	provide	information	about	associations	between	woody	plants	
and	 organisms	 in	 an	 area	 (Eschen	 et	 al.,	 2018).	Moreover,	 species	
turnover	is	large	among	habitat	types	(Begon,	Townsend,	&	Harper,	
2009)	and	sampling	multiple	habitat	 types	 is	 likely	 to	 increase	 the	
number	of	associated	organisms.
2.1.2 | Regional scale
Changes	 in	 elevation	 affect	 ambient	 temperature,	 UV	 radia‐
tion	 and	 composition	 of	 atmospheric	 gasses	 (Hodkinson,	 2005),	
which	 changes	 the	 biochemical	 and	 physiological	 status	 of	 host	
plants	 (Witzell	&	Martin,	 2008)	 and	 thus	 influences	biodiversity,	
including	 the	 community	 composition	 of	 mycobiomes	 (Cordier,	
Robin,	Capdevielle,	 Fabreguettes,	 et	 al.,	 2012;	Davey,	Heegaard,	
Halvorsen,	 Kauserud,	 &	 Ohlson,	 2013;	 Siddique	 &	 Unterseher,	
2016;	Zimmerman	&	Vitousek,	2012)	or	insects	(Hodkinson,	2005).	
For	example,	altitude	(i.e.	ambient	temperature)	is	among	the	pre‐
dominant	 parameters	 shaping	 endophytic	 communities	 (Cordier,	
Capdevielle,	 Desprez‐Loustau,	 &	 Vacher,	 2012;	 Hashizume,	
Sahashi,	&	Fukuda,	2008;	Osono	&	Hirose,	2009).	 In	general,	the	
species	richness	decreases	with	increasing	altitude	(Gaston,	2000).	
However,	 a	 consistent	 microbial	 (fungi,	 bacteria,	 Archaea)	 diver‐
sity	pattern	 is	 lacking	 (Fierer	&	Jackson,	2006;	Fierer,	Strickland,	
Liptzin,	 Bradford,	 &	 Cleveland,	 2009)	 and	 many	 studies	 of	 the	
impact	of	altitudinal	gradients	on	microbial	diversity	have	shown	
variable	 trends,	 mainly	 due	 to	 the	 complexity	 of	 underlying	 en‐
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two	 sentinel	plantings	 in	China.	The	 first	was	 located	 in	 an	 inten‐
sively	managed	agricultural	area	and	the	insects	found	on	the	trees	
were	mainly	insects	found	in	agricultural	land	(Roques	et	al.,	2015).	























Regarding	 transport	 of	 plants	 for	 planting,	 plant	 nurseries	 are	
high	risk	locations	for	transporting	pests	(Hulme,	2009;	Schrader	
&	Unger,	2003).	However,	new	pathways	can	emerge,	or	 the	 lo‐
cation	where	 production	 takes	 place	may	 shift	 from	 one	 region	
to	another	(Eschen	et	al.,	2017).	In	addition,	many	pathogens	can	
be	 transported	on	 footwear,	 camping	gear	or	 car	 tires,	 although	
the	extent	 to	which	 this	occurs	 is	poorly	understood	 (Anderson,	




Soil	 characteristics	 are	 a	 key	 factor	 determining	 the	 occurrence	
and	diversity	 of	 soil	 borne	organisms	 (Johnson	&	Rasmann,	 2015;	
Tedersoo	et	al.,	2014;	Willsey,	Chatterton,	&	Cárcamo,	2017).	Local	
variation	 may	 be	 affected	 by	 topography	 and	 the	 immediate	 and	
legacy	effects	of	plant–soil	feedback,	which	in	turn	may	lead	to	dif‐
ferences	in	microorganisms	and	invertebrates	associated	with	roots	
or	 the	 rhizosphere	 (Bardgett,	2002;	Dickie	et	 al.,	 2019;	Ehrenfeld,	
Ravit,	&	Elgersma,	2005;	Ettema	&	Wardle,	2002;	Fierer	&	Jackson,	
2006;	Fierer	et	al.,	2009;	Tedersoo	et	al.,	2014).
Host	genotype	can	 influence	biodiversity	 and	 the	composition	
of	 insect	 or	 fungal	 communities	 (e.g.	 Johnson	 &	 Agrawal,	 2005;	
Peacock,	 Hunter,	 Turner,	 &	 Brain,	 2002).	 For	 example,	 previous	
studies	 have	 shown	 that	 the	 composition	 of	 aboveground	 (e.g.	
phyllosphere	 endopytic	 fungi:	 Bálint	 et	 al.,	 2013;	 Cordier,	 Robin,	
Capdevielle,	Fabreguettes,	et	al.,	2012;	Elamo,	Helander,	Saloniemi,	
&	Neuvonen,	1999;	Todd,	1988)	and	belowground	 (e.g.	 arbuscular	




mature	 plants	 (Basset,	 2001;	 Lowman,	 1992).	 Additionally,	 stud‐












Kauserud	 et	 al.,	 2008).	 Continued	 monitoring	 and	 sampling	 over	
years	may	 also	 reveal	 emerging	 genotypes	 of	 a	 pest.	 The	 Sudden	
larch	death	epidemic	caused	by	the	oomycete	Phytophthora ramorum 
in	the	UK	and	Ireland	is	an	example	of	a	genotype	of	a	pest	causing	
unexpectedly	 high	damage	on	 a	 new	host.	Until	 2009	P. ramorum 
was	known	in	Europe	mainly	as	a	pest	of	horticultural	and	amenity	
plants	and	 trees,	but	 then	 it	was	 found	causing	extensive	damage	
to	Japanese	larch	(Larix kaempferi)	in	plantations,	which	was	related	
to	 lineage	 and	 genotype	 diversity	 changes	 in	 2009–2014	 (Harris,	
Mullett,	&	Webber,	2018;	King,	Harris,	&	Webber,	2015).
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Variation	 at	 shorter	 time‐scales	 is	 often	 in	 line	 with	 the	 nor‐
mal	biological	 responses	of	 the	pest	 to	environmental	or	 seasonal	
variation,	 such	 as	 temperature,	 day	 length	 or	 rainfall,	 or	 in	 re‐
sponse	 to	 seasonal	 variation	 in	 host	 quality	 (Jumpponen	&	 Jones,	
2010;	 O'Hanlon,	 2012;	 Rudolph,	 Marciá‐Vincente,	 Lotz‐Winter,	













3  | C A SE STUDIES
Here,	we	explore	some	of	the	aspects	of	sampling	design	that	were	
mentioned	 in	 the	 previous	 section.	We	do	 this	 using	 four	 original	
datasets	that	enable	us	to	appraise	the	effects	of	local,	regional	and	
temporal	 factors.	 In	 addition,	we	assess	 the	 costs	 associated	with	
sampling	and	identifying	detected	organisms.




of	 the	 pedunculate	 oak	 (Quercus robur)	 from	 continental	 Croatia.	
Samples	(seven	50	cm	long	twigs	of	each	tree)	were	collected	every	
January	 during	 2001–2018	 in	 Croatian	 oak	 (Quercus)	 forests	 and	
put	in	jars	with	water	at	room	temperature	(22°C).	Emerged	insects	
were	 assigned	 to	 taxonomic	 groups	 that	 ranged	 from	 species	 to	
family	level;	scale	insects	were	identified	to	superfamily	level	only.	
The	dataset	was	subsampled	 in	order	to	get	the	data	for	the	plots	









average,	 8.1	 ±	 0.6	 taxa	were	 collected	 in	 each	 forestry	 location	
and	5.4	±	0.2	in	each	plot.	In	none	of	the	eight	forestry	locations	












3.2 | Intra‐annual patterns in insect diversity
The	effect	of	repeated	sampling	throughout	a	year	on	detected	bio‐
diversity	 associated	with	woody	plants	was	 assessed	 in	 a	 nursery	






trees	 from	 mid‐March	 until	 the	 beginning	 of	 November	 in	 2013.	
The	traps	were	changed	every	second	week	(17	sampling	periods	in	
total).	The	insects	stuck	to	the	traps	were	identified	to	21	different	






est	 monthly	 insect	 numbers	 found	 in	 July	 (Figure	 2).	 Homoptera,	
Diptera,	 Hymenoptera	 and	 Coleoptera	 were	 the	 most	 numerous	
orders.	 Individuals	of	the	remaining	six	orders	were	found	sporad‐
ically.	 The	 number	 of	 detected	 groups	 increased	 from	 April	 until	










capturing	 all	 orders	 in	 the	dataset.	Any	other	 combination	of	 two	
months	would	have	missed	at	least	one	order,	even	if	the	numbers	of	
insects	may	be	higher.




fungal	 isolates	 obtained	 from	 ponderosa	 pine	 (Pinus ponderosa)	








of	 73	morphotypes	was	 found	 in	 samples	 from	 the	 six	 locations	
and	16.3	±	3.2	in	each	location.	The	curves	of	only	two	locations	
reached	the	asymptote	(Figure	3).	At	all	other	locations	more	seeds	











F I G U R E  2  Monthly	numbers	of	insects	belonging	to	ten	Orders,	found	on	yellow	sticky	traps	in	a	nursery	in	Serbia	in	2013.	Insects	were	
identified	into	21	taxa,	which	were	pooled	into	Orders.	The	size	of	the	circles	is	relative	to	the	number	of	insects	found	(1–343	individuals).	
Each	circle	is	the	mean	of	four	sticky	traps	[Colour	figure	can	be	viewed	at	wileyonlinelibrary.com]











3.4 | Spatial and temporal patterns across and 










set	 allows	assessment	of	 all	 design	 aspects	described	above,	 apart	
from	the	effect	of	 replicate	 samples	at	each	sampling	 location	and	

















Switzerland	 (Lucht,	 1987).	 The	 slopes	 of	 the	 curves	 varied,	 with	
the	steepest	slope	in	months	and	sites	(4.90	±	0.16	and	4.24	±	0.06	
species	 per	 additional	 sample	 (mean	 ±	 SE))	 and	 the	 flattest	 slopes	









to	eight	genera	 (I.	Franić	et	al.,	 in	prep).	Samples	were	collected	 in	
32	counties,	on	all	continents,	with	a	proportionally	higher	number	
of	 samples	 taken	 in	 European	 countries.	 Sampling	 was	 similar	 to	
that	 in	 the	Croatian	case	 study	above.	Each	participant	was	asked	





















indicate	 that,	 although	 sampling	was	a	 small	part	of	 the	 total	 cost,	
this	becomes	 rapidly	 larger	 if	 the	 fraction	of	 sampling	 locations	on	
other	continents	increases.	Finally,	it	is	unsurprising	that	the	required	
resources	are	positively	related	to	the	total	number	of	collected	sam‐





allows	 timely	 PRA	 and	 proactive	 implementation	 of	 risk	 mitiga‐
tion	measures	by	 importing	countries	prior	 to	 introduction,	but	 it	
is	unclear	where	and	when	samples	for	this	purpose	should	be	col‐
lected.	Our	 case	 studies	 reveal	 important	effects	of	many	 spatial	
and	 temporal	aspects	 that	may	affect	 the	captured	diversity	and,	
thus,	 should	 be	 considered	when	 deciding	 on	 a	 sampling	 design.	
Although	here	we	discuss	the	tree	as	the	sampling	unit,	the	num‐
ber	of	samples	within	the	 individual	tree	should	be	enough	to	re‐






gens	 that	may	be	 transported	with	 the	plants,	 in	particular	 those	
that	have	dormant	survival	structures	and	opportunistic	pathogens	
that	may	 become	 pathogenic	 when	 they	 come	 into	 contact	 with	
naïve	hosts.
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4.1 | Spatial aspects of global sampling designs
The	 global	 distribution	 and	 species	 richness	 of	 many	 organism	
groups	are	affected	by	large‐scale	patterns,	such	as	climate,	latitude	
(Gaston,	 2000)	 and	 trade	 connections	 (Meurisse,	 Rassati,	 Hurley,	
Brockerhoff,	&	Haack,	2018;	Van	Kleunen	et	al.,	2018)	and	more	re‐
gionally	 by	elevation,	 habitat	 type	 and	 soil	 (e.g.	Hodkinson,	2005;	
Tedersoo	et	 al.,	 2014).	 The	 locations	 for	 the	 sampling	of	 diversity	









A	 wide	 spatial	 distribution	 of	 sampling	 locations	 is	 necessary	
to	 capture	 differences	 in	 species	 occurrence	 as	 a	 result	 of	 envi‐
ronmental	variation,	coinciding	with	the	above‐mentioned	factors.	
However,	 it	 is	 equally	 important	 to	 consider	 comparatively	 small‐
scale	variation	in	species	occurrence,	such	as	those	that	result	from	






regions	 (case	 studies	 about	 ladybirds	 and	 forestry	 locations).	We	
therefore	propose	that	a	sampling	design	should	be	spatially	nested,	
with	multiple	 trees	 per	 location	 and	multiple	 locations	within	 re‐






the	 likelihood	 of	 capturing	 a	 larger	 species	 richness	 of	 organisms	








based	 on	 availability	 of	 collaborators	 that	 are	 able	 or	 willing	 to	
collect	 samples.	 In	 other	 cases,	 the	 selection	 of	 locations	 was	
based	on	the	presence	of	the	target	species	in	botanic	collections	































Some	of	 the	 differences	 in	 occurrence	 of	 organisms	 on	 a	 host	
species	may	be	related	to	host	age	and	population	dynamics	of	the	




Traveling	per	location 169.6	±	53.9 139	±	49.0 145.5	±	38.0
Fixed Insect	rearing 67.3	±	26.0 133.8	±	24.7 122.1	±	20.2
Plating 563.5	±	246.9 290.2	±	55.8 335.7	±	62.0
DNA	Extraction	(fungi) 172.9	±	36.0 202.2	±	38.0 196.9	±	29.6
NGS	pre	processing 80.5	±	23.0 104.6	±	13.1 97.1	±	11.3
TA B L E  1  Average	costs	of	sampling	in	
Europe	and	on	other	continents	(Franić	et	
al.,	in	prep.)
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been	 captured	 and	 the	 total	 diversity	 in	 the	dataset	 has	 not	 been	





that	 these	 invasive	organisms	 are	 recorded.	 Some	new	non‐native	
species	may	appear	very	rapidly,	as	illustrated	by	A. leucopoda in our 
Serbian	case	study,	a	species	that	was	first	recorded	in	Serbia	only	





























of	 sampling	 and	 identification,	 but	 also	 reveal	 that	 a	 considerable	
amount	of	resources	is	needed	for	travelling	to	the	sampling	locations.	
This	 highlights	 the	need	 for	 effective	 international	 collaboration	 to	





Our	 cost	 versus	 sampling	 effort	 case	 study	 confirms	 that	 a	
scenario	 where	 specialists	 from	 one	 country	 visit	 all	 sampling	
locations	 is	not	necessarily	the	most	cost‐efficient	 (Fagan	et	al.,	
2008).	We	 calculated	 costs	 related	 to	 the	 collection	 of	 individ‐
ual	samples,	or	samples	per	location,	from	the	cost	of	processing	













of	 the	 samples,	 was	 consistently	 ca.	 twice	 that	 of	 sampling	 in	





effort	 dedicated	 to	 developing	 the	 common	 protocols	 for	 sam‐
pling	and	sample	processing	and	explaining	 these	 to	 the	collab‐
orators,	which	we	 feel	 increased	 the	efficiency	of	 the	 sampling	

















F I G U R E  5  Decision	support	scheme	for	the	design	of	global	sampling	designs	[Colour	figure	can	be	viewed	at	wileyonlinelibrary.com]
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plants	native	to	an	importing	country,	sampling	should	focus	on	the	
damage	causing	organisms,	as	these	are	the	most	likely	to	also	cause	





That	more	 organisms	 are	 found	when	more	 samples	 are	 taken	
is	 unsurprising,	 but	 we	 are	 unaware	 of	 experimental	 or	 observa‐


















Our	 review	and	case	 studies	 indicate	 that	 the	 sampling	design	
(where,	when,	how	often	and	how	much	to	sample)	may	differ	de‐

















where	 sampling	may	 take	place,	 the	purpose	of	 the	 sampling	may	




















arrangement	of	 sampling	 locations	and	 then	sampling	within	 loca‐





before	their	 introduction	 is	an	 important	component	of	successful	
biosecurity,	because	it	allows	PRA	to	be	carried	out	and	phytosan‐
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